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Abstract
A simple and rapid method of fluorescence polarization immunoassay (FPIA) for detection of Alternariamycotoxin tenuazonic acid
(TeA) was described. In this study, the tracers TeAH-FITC and TeAH-DTAF were synthesized from hapten
5-(sec-butyl)-3-(1-hydrazonoethyl)-4-hydroxy-1H-pyrrol-2(5H)-one (TeAH) and different fluoresceins isothiocyanate isomer I
(FITC) or 5-([4,6-dichlorotriazin-2-yl]amino)fluorescein hydrochloride (DTAF), respectively. The established FPIA showed an
IC50 value of 3.0 μg/mL with a detection limit of 0.13 μg/mL for TeAH based on the tracer of TeAH-FITC, and with the same
properties of 7.3 and 0.93 μg/mL based on TeAH-DTAF. The former gave better assay sensitivity than the latter, that the
2,4-dichloro-s-triazine group of TeAH-DTAF may affect the specific recognition of tracer and antibody. Models of the lowest energy
conformation and the molecular electrostatic potential isosurface studies revealed that the –C=N–N– and –CHCH3(CH2CH3) groups
were the characteristic chemical groups in anti-TeAH antibody-analyte recognition via molecular modeling, which could create a
theoretical guide for hapten design of small molecules and provide the traditional theory with empirical proof.
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Introduction

Tenuazonic acid (3-acetyl-5-s-butyl-4-hydroxy-3-pyrrolin-2-
one, TeA) is a natural phytotoxin produced by species of
Pyricularia, Phoma, and Alternaria alternate. Species of
Alternaria are known to produce at least 70 secondary toxic
metabolites. TeA was identified as having the highest toxicity
in the family, which was the only one among Alternaria toxins
that belongs to the list of toxic chemicals of the US Food and

Drug Administration (Ostry 2008; Mikula et al. 2013). Firstly, it
and its derivatives were used as a kind of commercial herbicide in
fields (Sinning 1992). However, it was reported that TeA was
acutely or subacutely toxic to mice, dogs, and shrimps (Yekeler
et al. 2001; Rychlik et al. 2016; Patriarca 2016), and it could
produce synergistic toxicity with alternariol, alternariol methyl
ether, and other toxins (Lee et al. 2015; Vejdovszky et al. 2016).
Recent researches have shown that TeA has strong brine shrimp
cytotoxicity, and the mortality could approach 100%, often with
high pollution levels varying from 1.76 to 520 μg/kg in
wheat-based products, 10.2–1787 μg/kg in all tomato ketchup,
and 7.4–278μg/kg in tomato juice samples (Qin et al. 2009; Zhao
et al. 2014; Zhao et al. 2015). TeA could be detected with high
pollution levels in beers, potatoes, pepper, wines, and other food
products (Siegel et al. 2010; Lohrey et al. 2012; Fontana et al.
2016; López et al. 2016a, b; Walravens et al. 2016). The risk
assessment studies about TeA were also established given a sci-
entific opinion on the risks for public health (Zhao et al. 2015;
Patriarca 2016; López et al. 2016a, b).

By far, there is no sufficient data for system toxicology and
no corresponding international standards. Current quantitative
analysis methods of TeA were performed by a variety of
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methods including high-performance liquid chromatography
(HPLC) (Myresiotis et al. 2015; Fan et al. 2016), liquid chro-
matography coupled with tandem mass spectrometry (LC-MS/
MS) (Rasmussen et al. 2010; Fraeyman et al. 2015), stable
isotope dilution assay (SIDA) (Asam et al. 2012; Asam et al.
2013), and enzyme-linked immunosorbent assay (ELISA)
(Gross et al. 2011; Yang et al. 2012). But there were few fluo-
rescence polarization immunoassays for TeA analysis.
Fluorescence polarization immunoassay is a new, simple, rapid,
and efficient immunoassay, and has been widely used in deter-
mination of pesticide drugs, veterinary drugs, and mycotoxins
(Smith and Eremin 2008; Mi et al. 2013; Li et al. 2015a, b;
Beloglazova et al. 2016). This study reported the development
of fluorescence polarization immunoassay using polyclonal an-
tibodies for detection of TeA. Firstly, two tracers TeAH-FITC
and TeAH-DTAF with different fluorescent probes were pre-
pared for FPIA performance (Fig. 1). Then the developed FPIA
method was used to determine TeA in spiked drink samples
wi th an accep tab le recovery. To fur ther revea l
antibody-analyte recognition and key binding sites, the authors
established models of the lowest energy conformation and the
molecular electrostatic potential isosurface studies via molecu-
lar modeling, which laid the foundation of a better understand-
ing of antibody recognition mechanisms.

Materials and Methods

Materials, Reagents, and Instruments

F l uo r e s c e i n i s o t h i o c y an a t e i s ome r I ( F ITC ) ,
5-([4,6-dichlorotriazin-2-yl]amino) fluorescein hydrochloride
(DTAF), complete Freund’s adjuvants, incomplete Freund’s ad-
juvants, hydroxylamine hydrochloride, potassium borohydride,
and tributylamine were purchased from Sigma (St. Louis, MO,
USA). The hapten TeAH, complete antigen TeAHGA-BSA,
and TeAH-OVA were prepared previously by our laboratory.
Silica gel 60 aluminum sheets (type GF254, layer thickness
0.25 mm) for thin-layer chromatography (TLC) were purchased
from Merck (Darmstadt, Germany). All other organic solvents
and chemicals were of analytical grade. Borate solution (BB,
2.5 mmol/L, pH = 7.5, containing 1% sodium azide) was used
as FPIAworking buffer.

The NanoDrop 2000c UV-Vis spectrophotometer was pur-
chased from Thermo Scientific (Wilmington, DE, USA). The
signal of fluorescence polarization and its intensity were mea-
sured on a TDx FLx analyzer (Abbott Laboratories, USA) in
the Photo Check mode, and the analyzer was kept in
Lomonosov Moscow State University.

Preparation of Hapten–Protein Conjugates
and Polyclonal Antibody

Hapten–protein conjugates TeAHGA-BSA and TeAH-OVA
were prepared and identified previously in our laboratory
(Yang et al. 2012). A New Zealand white rabbit was firstly
immunized by subcutaneous injection of 500 μg
TeAHGA-BSA emulsified with the same volume of
Freund’s complete adjuvant. Then the immunogen with an
equal volume of Freund’s incomplete adjuvant was emulsified
for booster injection at intervals of 2 weeks. The rabbit ear
vein blood was collected at the interval of 7 days after each
immunization to check the serum titer and specificity by indi-
rect competitive ELISA (ic-ELISA) using the coating antigen
TeAH-OVA. The ic-ELISA protocols were performed as de-
scribed previously (Gross et al. 2011; Zhang et al. 2017). Until
the titer was stable, all the blood was obtained and purified by
the caprylic acid–ammonium sulfate precipitation method.
The antibody concentration was determined by a NanoDrop
2000c UV-Vis spectrophotometer, and the polyclonal anti-
body was stored at −20 °C until use.

Synthesis and Identification of Fluorescent
Conjugates (Tracers)

In the study, purified polyclonal antibodies were screened
for specificity to the analyte of the TeA derivative TeAH
via ic-ELISA, but not to TeA. And two tracers
(TeAH-FITC and TeAH-DTAF) were synthesized according
to the protocol with slight modifications (Li et al. 2015a, b).
Schematic routes for the synthesis of TeAH-FITC and
TeAH-DTAF are described in Fig. 2. More specifically,
2 mg TeAH and 3 mg FITC or 1 mg DTAF were dissolved
in 500 μL anhydrous methanol. Then 50 μL trimethylamine
was added into the solution. The mixture was stirred over-
night at room temperature in the dark. The reaction was
monitored by thin layer chromatography (TLC) with the
mobile phase of trichloromethane/methanol (4:1, v/v). The
main yellow bands for TeAH-FITC (Rf = 0.1 and Rf = 0.15)
and TeAH-DTAF (Rf = 0.05 and Rf = 0.1) were collected
separately in 100 μL methanol. Activities of all the bands
were analyzed and identified, then the usable compositions
with antibody-binding activity were stored as the working
tracers for use.Fig. 1 Chemical structures of TeA and TeAH
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FPIA Procedure

The FPIA protocol was simply described as follows:
500 μL of trace working solution (TWS) was mixed with
50 μL of different concentrations of standard solution or
sample extract in several glass culture tubes. Several con-
centrations of the standard solution (0, 0.1, 0.3, 1, 3, 10,
30, 100 μg/mL) were prepared for establishment of the
FPIA standard curve. Afterwards, 500 μL of antibody
working solutions (AbWS) was added and incubated for
2 min at room temperature, then the FPIA value (mP)
was measured with the TDx FLx analyzer.

The antibody optimal dilutions for the two tracers
TeAH-FITC and TeAH-DTAF were determined from the
binding curves of the antibody with tracer in BB solution.
The antibody dilution which has a response of approxi-
mately 150 of the mP value was chosen as the antibody
working dilution.

Cross-Reactivity Determination

To eva lua te the es t ab l i shed FPIA method , the
cross-reactivity (CR) with the common analogues was cal-
culated as follows: CR = (IC50 of TeAH) / (IC50 of ana-
logues) × 100%, where IC50 was the concentration at 50%
of the maximum mP value.

Molecular Modeling Studies of Antibody Recognition

The lowest energy conformations and molecular electrostatic
potential isosurfaces were operated on a SYBYL-X 2.1 pro-
gram package (Tripos Inc., USA) running on an HP xw6600
molecular modeling workstation as reported (Zhang et al.
2017). The minimum energy conformations of all structures
(TeAH, TeA, ITeA, ITeAH, ALT, and AME) were obtained
using the Powell method. The charges of Gasteiger-Huckel
were selected for energy. Tripos was used to minimize the
total energy with a NB cutoff of 8.00 Å and a dielectric con-
stant of 1.00. And then MOLCAD was used for revealing the
molecular surface construction of the seven structures.

Analysis of Spiked Samples

The developed FPIA was applied for TeA detection in wheat
beer and apple juice. Wheat beer and apple juice samples were
purchased from a local supermarket in Lomonosov Moscow
State University, Russia. As described previously with slight
modifications (Yang et al. 2012), the pre-sample treatment pro-
cedures were summarized as follows: 5 mLwheat beer or apple
juice was spiked with different concentrations of TeA (0.2, 0.6,
1 μg/mL), and the spiked samples were extracted twice with
2 mL chloroform in an ultrasonic bath for 5 min, followed by
centrifugation at 4000 r/min for 10min. The organic phase with
an addition of 100 μL hydrazine hydrate was vortexed for 30 s,

Fig. 2 Synthetic routes for the
tracers TeAH-FITC and
TeAH-DTAF
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and kept at 37 °C for 40 min. The reaction solvent was evapo-
rated to dryness at 45 °C under nitrogen, and the residue was
resuspended in 1 mL BB solution for analysis.

Results and Discussion

Characterization of Polyclonal Antibody and Tracers

The antiserum of rabbit was measured by ic-ELISA, which
indicated that the titer of anti-serum was 8 × 103 with a high
quality in specificity to TeAH. The polyclonal antibody was
purified and stored with a concentration of 9.1 mg/mL for
further research.

Different structures of fluorescein have a significant influ-
ence on antibody-tracer specific binding (Mi et al. 2013; Li
et al. 2015a, b). The tracers TeAH-FITC and TeAH-DTAF
were synthesized through the active ester method and isolated
by preparative TLC. The main yellow bands were collected,
then all the bands were respectively mixed with antibody buff-
er to measure the mP value. The identification results are
shown as bar charts in Fig. 3. It was revealed that both
TeAH-FITC with Rf = 0.1 and TeAH-DTAF with Rf = 0.1
could specifically bind to the antigen-binding site of the anti-
body, and then was stored at 4 °C in the dark until use.

Antibody Dilution Cures for TeAH-FITC
and TeAH-DTAF

The antibody working concentration has a severe impact on
the FPIA performance. As one of the key factors, different
dilutions of the antibody could affect directly the sensitivity,
accuracy, and suitability. In the study, a series of twofold di-
lutions of antibody was checked for antibody-tracer binding,
and datas are shown in Fig. 4. According to empirical evidence

that nearly 150 of the mP value was selected for FPIA, the
antibody dilution of 1:200 for TeAH-FITC with Rf = 0.1 and
1:100 for TeAH-DTAF with Rf = 0.1 were appropriated that it
could guarantee the FPIA sensitivity and precision.

FPIA Standard Curves Based on Polyclonal Antibodies

The standard curves for the determination of TeA using
TeAH-FITC and TeAH-DTAF tracers are shown in Fig. 5.
The mP/mP0 values were plotted against TeAH concentration,
and fit to a four-parameter logistic equation using Origin 7.5
software. It was defined as follows: y = (A −D)/[1 + (x/C)B] +
D, where A is the maximal mP value, D is the minimal mP
value, B refers to the steepness of the curve, and C is the
concentration at 50% of antibody-tracer binding response
(IC50). The LOD (IC10) for TeAH was 0.13 μg/mL with
IC50 of 3.0 μg/mL, and the liner concentration range was
calculated as 0.19–47.7 μg/mL (r2 = 0.998) based on the
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tracer TeAH-FITC. And the LOD and IC50 using
TeAH-FITC were 0.93 and 7.3 μg/mL with the range of
1.2–45.8 μg/mL (r2 = 0.999). The tracer TeAH-FITC gave
a better assay sensitivity than TeAH-DTAF. It is speculated
that the 2,4-dichloro-s-triazine group may affect the spe-
cific recognition of the tracer-antibody-binding domain,
which decreased the detection sensitivity. The same re-
search results were also observed in other small molecules
(Wang et al. 2007; Zhang et al. 2014; Li et al. 2015a, b).
Then the FPIA based on TeAH-FITC was applied to the

cross-reactivity determination and recovery experiment of
spiked samples.

Cross-Reactivity Determination

To evaluate the specif ici ty of the FPIA method,
cross-reactivity was calculated by IC50 of some analogues.
As shown in Table 1, it was indicated that the antibody was
specific to TeAH, and has low cross-reactivity (< 0.1%) with

Table 1 Cross-reactivity (CR) of the developed FPIA based on TeAH-FITC

Compounds Structures IC50 (µg/mL) CR (%)

TeAH

TeA

ITeA

ITeAH

Hydrazine Hydrate

Alternariol (ALT)

Alternariol Methyl Ether (AME)

3.0

>3000

>3000

>3000

>3000

>3000

>3000

100

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

<0.1
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the analogues. In a word, the developed FPIA could specifi-
cally determine the content of TeA by the analysis of TeAH.

Molecular Modeling Studies of Antibody Recognition

Molecular modeling is a computer-aided method to obtain a
deeper insight into antibody-analyte recognition. And from the
simulation results, it could reveal to some extent the specificity
of the antibody to the analogues and antibody–analyte-binding
site (Monasterios et al. 2005; Xu et al. 2009; Zhang et al. 2017).
Models of the lowest energy conformations and the molecular
electrostatic potential isosurfaces of TeAH, TeA, ITeA, ITeAH,
ALT, and AME are shown in Fig. 6. The models of the lowest
energy conformations of TeAH and other analogues indicated
that the –C=N–N– and –CHCH3(CH2CH3) were the character-
istic chemical groups in antibody recognition. Compared with
TeAH, TeA failed to be recognized by antibody for lack of –
C=N–N–, while ITeA as a chemical isomer of TeA also cannot
specifically bind to the antibody. Although ITeAH had a similar
–C=N–NH2 group, in the side chain the characteristic functional
group was–(CH2)2CH(CH3)2. From the result, it may be spec-
ulated that the formation of the bridge –C=N–N– and the –
(CH2)2CH(CH3)2 group was critical for antibody recogni-
tion.–(CH2)2CH(CH3)2 was greatly different from –
CHCH3(CH2CH3) in lowest energy conformations and molec-
ular electrostatic potential isosurfaces (Fig. 6). ALT and AME
structures differed greatly from that of TeAH, which resulted in
low cross-reactivity. In conclusion, the major structure of the
analyte was the important locus of antibody recognition, but a
small group on the side chain of the analyte also played an

important role in antibody-antigen recognition. The difference
of length or side groups of the chains varied in molecular elec-
trostatic potential isosurfaces.

Analysis of Spiked Samples by FPIA Analysis

It was widely reported that TeA has been detected in apples,
wheat, and the processed products (Zhao et al. 2015; Fontana
et al. 2016; Walravens et al. 2016). Therefore, wheat beer and
apple juicewere taken as the spiked samples to evaluate the FPIA
method. The content of TeA in the spiked samples was deter-
mined by FPIA, and the results are shown in Table 2. The deriv-
ative rate of TeAH derivatized from TeAwith hydrazine hydrate
was 64%. The acceptable recoveries using the FPIA method
ranged from 76.0 to 112.4%. The average intra-assay CV and

Fig. 6 Models of the lowest
energy conformations (a) and the
molecular electrostatic potential
isosurfaces (b) of TeAH, TeA,
ITeA, ITeAH, ALT, and AME

Table 2 Recoveries of TeA from spiked samples by FPIA analysis

Aquatic products Spiked level
(ng/mL)

Found ± SD
(ng/g)

Recovery ± CV (%)

Wheat beer 0 – –

200 152.0 ± 8.3 76.0 ± 4.2

600 658.5 ± 6.5 109.8 ± 1.1

1000 822.4 ± 7.1 82.2 ± 7.1

Apple juice 0 – –

200 199.1 ± 9.4 99.6 ± 4.7

600 521.8 ± 1.3 87.0 ± 0.2

1000 1124.2 ± 4.1 112.4 ± 4.1

SD standard deviation, CV coefficient of variation
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inter-assay CV for TeA-spiked samples were 3.6 and 6.8%, re-
spectively. The results indicated that the precision and accuracy
of the FPIA method were capable of detecting TeA in drinks.

Conclusions

A rapid and inexpensive FPIA method was developed based on
polyclonal antibody for determination of TeA in drinks. In this
study, two kinds of tracers TeAH-FITC and TeAH-DTAF with
different fluorescent probes were prepared. The established FPIA
method was successfully suitable for analysis of TeA in foods
with satisfactory specificity and recovery. This FPIA method
provides an alternative for quantitative analysis of TeA in drink
samples, which is particularly simple, rapid, and convenient.
Additionally, this study provided a deeper insight into the anti-
body–analyte recognition via molecular modeling, which could
reveal to some extent the specificity of antibody to the analogues
and the antibody–analyte-binding site. Meanwhile, the study cre-
ates a theoretical guide for hapten design of small molecules and
provides the traditional theory with empirical proof.

Acknowledgements This work was supported by the National Key R&D
Program of China (2016YFE0106000), National Natural Science
Foundation of China (31271866), Science and Technology Planning
Project of Guangdong Province (2014A050503059), Guangdong
Natural Science Foundation (S2012010010323, 2014A030311043), and
Guangdong Province Universities and Colleges Pearl River Scholar
Funded Scheme (2017). The work was also financially supported by the
Ministry of Education and Science of the Russian Federation, unique
project identifier RFMEFI60417X0198.

Compliance with Ethical Standards

Conflict of Interest Feng Wang declares that he has no conflict of inter-
est. Jun Cai declares that she has no conflict of interest. Sergei A. Eremin
declares that he has no conflict of interest. Zhi-Li Xiao declares that she
has no conflict of interest. Yu-Dong Shen declares that he has no conflict
of interest. Yuan-Xin Tian declares that she has no conflict of interest.
Zhen-Lin Xu declares that he has no conflict of interest. Jin-Yi Yang
declares that he has no conflict of interest. Hong-Tao Lei declares that
he has no conflict of interest. Yuan-Ming Sun declares that he has no
conflict of interest. Hong Wang declares that She has no conflict of
interest.

Ethical Approval All procedures involving animals were approved and
performed in accordance with the relevant protective and administrative
guidelines for laboratory animals of China.

Informed Consent Informed consent was obtained from all individual
participants included in the study.

References

Asam S, Habler K, RychlikM (2013) Determination of tenuazonic acid in
human urine by means of a stable isotope dilution assay. Anal
Bioanal Chem 405(12):4149–4158

Asam S, Lichtenegger M, Liu Y, Rychlik M (2012) Content of the
Alternaria mycotoxin tenuazonic acid in food commodities deter-
mined by a stable isotope dilution assay. Mycotoxin Res 28(1):9–15

Beloglazova NV, Shmelin PS, Eremin SA (2016) Sensitive immunochem-
ical approaches for quantitative (FPIA) and qualitative (lateral flow
tests) determination of gentamicin in milk. Talanta 149:217–224

Fan C, Cao XL, Liu M, Wang W (2016) Determination of Alternaria
mycotoxins in wine and juice using ionic liquid modified countercur-
rent chromatography as a pretreatment method followed by high-
performance liquid chromatography. J Chromatogr A 1436:133–140

Fontana AR, Prendes LP, Morata VI, Bottini R (2016) High-throughput
modified QuEChERSmethod for the determination of the mycotox-
in tenuazonic acid in wine grapes. RSC Adv 6(98):95670–95679

Fraeyman S, Devreese M, Broekaert N, De Mil T, Antonissen G, De
Baere S, De Backer P, Rychlik M, Croubels S (2015) Quantitative
determination of tenuazonic acid in pig and broiler chicken plasma
by LC-MS/MS and its comparative toxicokinetics. J Agr Food
Chem 63(38):8560–8567

Gross M, Curtui V, Ackermann Y, Latif H, Usleber E (2011) Enzyme
immunoassay for tenuazonic acid in apple and tomato products. J
Agr Food Chem 59(23):12317–12322

Lee HB, Patriarca A, Magan N (2015) Alternaria in food: ecophysiology,
mycotoxin production and toxicology. Mycobiology 43(2):93–106

Li C, Mi TJ, Oliveri CG, Yu Q, Wen K, Shen JZ, Ferrante M, Wang ZH
(2015a) Development of a screening fluorescence polarization im-
munoassay for the simultaneous detection of fumonisins B1 and B2
in maize. J Agr Food Chem 63(20):4940–4946

Li CL, Wen K, Mi TJ, Zhang XY, Zhang HY, Zhang SX, Shen JZ, Wang
ZH (2015b) A universal multi-wavelength fluorescence polarization
immunoassay for multiplexed detection of mycotoxins in maize.
Biosens Bioelectron 79:258–265

Lohrey L, Marschik S, Cramer B, Humpf HU (2012) Large-scale synthe-
sis of isotopically labeled 13C2-tenuazonic acid and development of
a rapid HPLC-MS/MSmethod for the analysis of tenuazonic acid in
tomato and pepper products. J Agr Food Chem 61(1):114–120

López P, Venema D, de Rijk T, Kokb A, Scholten JM, Mol HGJ, de Nijs
M (2016a) Occurrence of Alternaria toxins in food products in the
Netherlands. Food Control 60:196–204

López P, Venema D, Mol H, Spanjer M, de Stoppelaar J, Nijs M (2016b)
Alternaria toxins and conjugates in selected foods in the
Netherlands. Food Control 69:153–159

Mikula H, Horkel E, Hans P, Hametner C, Fröhlicha J (2013) Structure
and tautomerism of tenuazonic acid–a synergetic computational and
spectroscopic approach. J Hazard Mater 250:308–317

Mi TJ, Wang ZH, Eremin SA, Shen JZ, Zhang SX (2013) Simultaneous
determination ofmultiple (fluoro) quinolone antibiotics in food sam-
ples by a one-step fluorescence polarization immunoassay. J Agr
Food Chem 61(39):9347–9355

Monasterios M, Escorche M, Avendaño M (2005) Conformational anal-
ysis, electronic properties and molecular electrostatic potential of
nitrofurans derivatives with antibacterial activity. J Mol Struct 748
(1):49–55

Myresiotis CK, Testempasis S, Vryzas Z, Karaoglanidis GS,
Papadopoulou-Mourkidou E (2015) Determination of mycotoxins
in pomegranate fruits and juices using a QuEChERS-based method.
Food Chem 182:81–88

Ostry V (2008) Alternaria mycotoxins: an overview of chemical charac-
terization, producers, toxicity, analysis and occurrence in foodstuffs.
World Mycotoxin J 1(2):175–188

Patriarca A (2016) Alternaria in food products. Curr Opin Food Sci 11:1–9
Qin JC, Zhang YM, Hu L, Ma YT, Gao MJ (2009) Cytotoxic metabolites

produced by Alternaria no. 28, an endophytic fungus isolated from
Ginkgo biloba. Nat Prod Commun 4(11):1473–1476

Rasmussen RR, Storm IMLD, Rasmussen PH, Smedsgaard J, Nielsen KF
(2010) Multi-mycotoxin analysis of maize silage by LC-MS/MS.
Anal Bioanal Chem 397(2):765–776

Food Anal. Methods



RychlikM, Lepper H,Weidner C, Asama S (2016) Risk evaluation of the
Alternariamycotoxin tenuazonic acid in foods for adults and infants
and subsequent risk management. Food Control 68:181–185

Smith DS, Eremin SA (2008) Fluorescence polarization immunoassays
and related methods for simple, high-throughput screening of small
molecules. Anal Bioanal Chem 391(5):1499–1507

Siegel D, Merkel S, Koch M, Nehls I (2010) Quantification of the
Alternaria mycotoxin tenuazonic acid in beer. Food Chem 120(3):
902–906

Sinning I (1992) Herbicide binding in the bacterial photosynthetic reac-
tion center. Trends Biochem Sci 17(4):150–154

Vejdovszky K, Warth B, Sulyok M, Marko D (2016) Non-synergistic
cytotoxic effects of Fusarium and Alternaria toxin combinations
in Caco-2 cells. Toxicol Lett 241:1–8

Wang ZH, Zhang SX, Shen JZ, Eremin SA (2007) Analysis of sulfameth-
azine by fluorescence polarization immunoassay. Chin J Anal Chem
35(6):819–824

Walravens J, Mikula H, Rychlik M, Asam S, Devos T, Ediage EN, Di
Mavungu JD, Jacxsens L, Landschoot AV, Vanhaecke L, De Saeger
S (2016) Validated UPLC-MS/MS methods to quantitate free and
conjugated Alternaria toxins in commercially available tomato
products and fruit and vegetable juices in Belgium. J Agr Food
Chem 64(24):5101–5109

Xu ZL, Shen YD, Beier RC, Yang JY, Lei HT, Wang H, Sun YM (2009)
Application of computer-assisted molecular modeling for immuno-
assay of low molecular weight food contaminants: a review[J]. Anal
Chim Acta 647(2):125–136

Yekeler H, Bitmiş K, Ozçelik N, Doymaz MZ, Çalta M (2001) Analysis
of toxic effects of Alternaria toxins on esophagus of mice by light
and electron microscopy. Toxicol Pathol 29(4):492–497

Yang XX, Liu XX, Wang H, Xu ZL, Shen YD, Sun YM (2012)
Development of an enzyme-linked immunosorbent assay method for
detection of tenuazonic acid. Chin J Anal Chem 40(9):1347–1352

Zhao K, Shao B, Yang DJ, Li FQ (2014) Natural occurrence of four
Alternaria mycotoxins in tomato-and citrus-based foods in China.
J Agr Food Chem 63(1):343–348

Zhao K, Shao B, Yang DJ, Li FQ, Zhu JH (2015) Natural occurrence of
Alternaria toxins in wheat-based products and their dietary exposure
in China. PLoS One 10(6):e0132019

Zhang J, Wang ZH, Mi TJ, Wenren LQ, Wen K (2014) A homogeneous
fluorescence polarization immunoassay for the determination of
cephalexin and cefadroxil in milk. Food Anal Method 7(4):879–886

ZhangYQ,Wang LT, ShenX,Wei XQ,HuangXA, LiuYJ, SunXL,Wang
ZH, Sun YM, Xu ZL, Eremin SA, Lei HT (2017) Broad-specificity
immunoassay for simultaneous detection of ochratoxins A, B and C in
millet and maize. J Agr Food Chem 65(23):4830–4838

Food Anal. Methods


	Fluorescence...
	Abstract
	Introduction
	Materials and Methods
	Materials, Reagents, and Instruments
	Preparation of Hapten–Protein Conjugates and Polyclonal Antibody
	Synthesis and Identification of Fluorescent Conjugates (Tracers)
	FPIA Procedure
	Cross-Reactivity Determination
	Molecular Modeling Studies of Antibody Recognition
	Analysis of Spiked Samples

	Results and Discussion
	Characterization of Polyclonal Antibody and Tracers
	Antibody Dilution Cures for TeAH-FITC and TeAH-DTAF
	FPIA Standard Curves Based on Polyclonal Antibodies
	Cross-Reactivity Determination
	Molecular Modeling Studies of Antibody Recognition
	Analysis of Spiked Samples by FPIA Analysis

	Conclusions
	References


